Abstract. We investigate the magnetic resonance of split-ring resonators (SRR) experimentally and numerically. The dependence of the geometrical parameters on the magnetic resonance frequency of SRR is studied. We further investigate the effect of lumped capacitors integrated to the SRR on the magnetic resonance frequency for tunable SRR designs. Different resonator structures are shown to exhibit magnetic resonances at various frequencies depending on the number of rings and splits used in the resonators.
Introduction
Left-handed metamaterials (LHM) have received considerable interest due to their unique physical properties. Two important parameters, dielectric permittivity (ε) and magnetic permeability (µ) together determine the response of any material to the electromagnetic (EM) wave. Usually, ε and µ are both positive in ordinary materials. For certain artificial structures, however, both the effective permittivity (ε eff ) and effective permeability (µ eff ) can have negative values. In such media, the electric, magnetic and wavevector components form a left-handed (LH) coordinate system, hence the name LH material is used for their description. The index of refraction is less than zero for LHMs, therefore the phase and group velocities are orientated in opposite directions such that the direction of propagation is reversed with respect to the direction of energy flow [1] . This phenomenon was first proposed by Veselago in 1968, who had also investigated various optical properties of the negative refractive index structures [1] . An array of split-ring resonators (SRRs) is shown to exhibit a negative µ eff for frequencies close to the magnetic resonance frequency (ω m ) of the SRR structures [2] . Periodically arranged thin metallic wires are used as negative ε eff media, since dielectric permittivity is less than zero below the plasma frequency [3] . Experimental investigation of LHMs is done by constructing a composite metamaterial (CMM) consisting of two components which have ε(ω) < 0 and µ(ω) < 0 simultaneously over a certain frequency range [4] - [9] .
SRRs, being essential components of LHMs, are studied extensively in the literature. Transmission characteristics of periodic [4] - [11] and disordered SRRs [12] are reported. There are also numerical simulations to study the properties of transmission spectra [13] - [16] , effective parameters [17] - [19] , and magnetic resonances of SRRs [20] - [22] . Several analytical models are reported for a better understanding of SRRs' resonance behaviours [23] - [27] . The studies on SRRs and metamaterials are mainly performed in the gigahertz (GHz) frequency regime, but recently magnetic resonances of SRRs at terahertz (THz) frequencies have been obtained both experimentally and theoretically [28, 29] . The LH pass band frequency (i.e. the negative refractive index regime) is essentially determined by the ω m of periodic SRR structures. Tuning the ω m of SRRs will give an opportunity to have negative refractive media available at the desired range of frequencies. In this paper, we investigate the effect of SRRs' geometrical parameters and different resonator designs on the magnetic resonance frequency. Our study covers the change of ω m with the split width, gap between inner and outer rings, metal width, and additional capacitances. We also investigated different resonator structures with different number of splits on the rings. Experimental and numerical results are provided throughout the paper and the agreement between simulations and measurements is quite good.
Identifying the magnetic resonance of SRRs
The band gaps observed in the transmission spectrum of SRR media were attributed to strong magnetic response of SRRs [4] - [7] . Similar to the dielectric response of periodic wire structures, a periodic SRR structure exhibits an electric resonance by the dipole-like charge distribution along the incident electric field [8, 19] . Therefore, a band gap in the transmission spectrum of periodic SRR medium may be due to negative ε or negative µ or due to the periodicity.
The SRR structure proposed by Pendry et al [3] is commonly used in LHM studies [4] - [11] . This structure (see figure 1(a) ) consists of two concentric rings separated by a gap, both having splits at opposite sides. Magnetic resonance is induced by the splits at the rings and by the gap between the inner and outer rings [3] . The effect of these parameters will be studied in detail later, but to come up with a better understanding of magnetic resonances one has to be sure about the reason for the band gap observed in the transmission spectra. The ambiguity in the reasoning for band gaps of periodic SRR media can be lifted by using a closed-ring resonator (CRR) structure in which the splits in the ring resonators are removed ( figure 1(b) ). The CRR structure will destroy the magnetic resonance but still keep the electric resonance. A frequency gap present in the transmission spectrum of SRR medium, but not in that of the CRR medium, will then correspond to µ < 0.
The SRR (figure 1(a)) and CRR (figure 1(b)) units are fabricated on FR4 circuit boards with a copper layer of thickness 30 µm deposited on the board. The geometrical parameters of the SRR are d = t = 0.2 mm, w = 0.9 mm and r = 3.6 mm as shown in figure 1(a) . The circuit board has a thickness 1.6 mm and dielectric constant of ε = 3.85. SRR units are arranged periodically with 10, 15 and 18 unit cells in the x-, y-and z-direction ( figure 2(a) ), respectively. The dimensions of a unit cell containing a single SRR are a x = a y = 8.8 mm and a z = 6.5 mm. Transmission measurements are performed in free space using HP 8510-C network analyser. A set of horn antennas are used as transmitter and receiver and transmission through the sample is then measured ( figure 2(a) ). Figure 2 (b) displays the measured transmission spectra of periodic SRRs and CRRs between 3 and 15 GHz. The first bandgap (3.55-4.05 GHz) of the SRR medium is not present in the CRR medium, indicating µ < 0 at that frequency region, whereas the second bandgap (8) (9) (10) (11) (12) GHz) is present for both the SRR medium and CRR medium. This measurement clearly shows that not all of the stop bands of an SRR medium can be assumed as 'negative µ' behaviour.
By using the approach explained above, it is also possible to identify the magnetic resonance of a single unit cell of SRR structure. Even a single SRR unit cell has a strong response to EM wave due to magnetic resonance [20] . A dip in the transmission spectrum of SRR structure can be attributed to the resonant nature of SRRs. In order to determine the frequency of magnetic resonance, we measured the transmission through a single unit cell of SRR and CRR. Two monopole antennas are used to transmit and detect the EM waves through the single SRR unit cell. SRRs are displaced between the monopole antennas as shown in figure 3(a) . The distance between the monopole and SRR unit cell is 0.5 cm. Throughout this work, we investigated resonators operating at three different frequency ranges (1.2-6, 7-9.5 and 12-15 GHz), and therefore we used three different sizes of monopole antennas. The length of the monopole antennas are λ/2, arranged to work at the frequency range covering the ω m of the SRR structures. The incident field propagates along the x-direction, with E and H along the y-and z-direction, respectively. Monopole antennas are then connected to the HP-8510 C network analyser to measure the transmission coefficients. Firstly, we measured the transmission spectra in free space (i.e. without the SRR unit cell). These data was used as the calibration data for the network analyser. Then we inserted the SRR unit cell between the monopole antennas, and we performed the transmission measurements by maintaining the distance between the transmitter and receiver monopole antennas fixed.
Figure 3(b) shows the measured transmission spectra for single SRR and single CRR structures. An SRR structure has a dip at 3.63 GHz, whereas for a CRR structure the wave is completely transmitted. Therefore, ω m of an individual SRR is found to be 3.63 GHz. Notice that the wavelength is 8.26 cm, whereas the diameter of the SRR structure is 7.2 mm. Therefore, by using an SRR structure with sizes corresponding to 1/11 of free space wavelength, magnetic resonance can be obtained. The wavelength in the material (4.2 cm) is even 1/6 of the structure size. SRR structures having exactly the same design and parameters reported in this section are previously shown to exhibit true LH behaviour for one-dimensionally (1D) and 2D constructed LHMs, when combined with a proper negative permittivity medium of periodic wires [8, 9] . Also negative refraction and negative phase velocity of LHMs [9] and disorder in these SRR and LHM structures are studied [12] . LH transmission band and negative refraction are observed at the frequencies where both ε eff and µ eff are both simultaneously negative. Since the frequency ranges where SRR structures possess negative values of permeability are not broad, one may need to tune the magnetic resonance frequency of SRRs in order to obtain LHMs working at desired frequencies. The next section is devoted to the effects of the geometrical parameters and lumped capacitors on the ω m of conventional SRRs.
Changing the magnetic resonance frequency of conventional SRRs
The SRR structure has capacitive elements that increase the response of the material to the incident EM radiation. Capacitance due to the splits prevents current from flowing around the rings but the mutual capacitance between the two rings enables the flow of the current through the structure [3] . There are several analytical models in the literature studying the magnetic and electrical resonances of SRRs. It is possible to model an individual SRR as an L-C circuit system [24] - [26] . Total capacitance of the SRR system has mainly two contributions, one arising from the splits and the other from the gap between the concentric rings. Inductances arise from the conducting rings and gap between inner and outer rings [25] . In this section, we will investigate certain geometrical parameters like split width, gap between the rings, metal width and additional capacitors and their effect on ω m . 
Effect of split width
Schematic drawing of an individual SRR is given in figure 1 (a), with the parameters split width (d), gap distance (t), metal width (w) and radius of the outer ring (r). Initially the parameters are taken to be d = t = 0.2 mm, w = 0.9 mm and r = 3.6 mm. By keeping other parameters constant, we only changed the split width (d) of SRRs. Figure 4 (a) displays the measured transmission spectra of four SRR structures with different split widths (d = 0.2, 0.3, 0.4 and 0.5 mm). A dip in the transmission spectra was observed for all SRR structures. As seen in figure 4(a) values >0 dB were obtained from measurements. This is essentially related to two effects. One is related to the presence of dielectric board which, due to higher index of refraction, causes local confinement of the emitted signal by refraction through the board, and by the diffraction at the edges of the board. The other reason is that the presence of resonant structure (namely SRR) enhances the field locally compared to free space propagation. We also performed simulations to check the experimental results. Simulations are done by using CST Microwave studio. CST Microwave Studio is a 3D fullwave solver and employs finite integration method [30] . In order to determine the resonance frequencies of the structures under consideration, we have included one layer of the considered structures along the propagation direction. In the simulation setup, the structures are subjected to an incident plane wave. Open boundary conditions are employed along the propagation direction. Periodic boundary conditions are used along the directions other than the propagation direction. Hence, the structure is assumed to be periodic and infinite along the directions that are perpendicular to the propagation direction. The transmission amplitudes are obtained by using the fields at a distant point from the structures. This point was chosen such that beyond this point the transmission coefficients do not change with increasing distance. Such a choice was made to exclude the nearfield effects due to the highly resonant nature of the structures under consideration. Figure 4(b) shows the simulated transmission spectra and there is a good agreement between experimental results and numerical simulations.
Measurements and simulations were performed on 14 different SRR samples with split widths changing with 0.05 mm steps between 0.15 and 0.80 mm. Variation of magnetic resonance frequency of SRR with different split widths of SRRs are given in figure 5 . Experiments (black) and simulations (red) show that increasing the split widths increases the ω m of the SRR structure. The splits behave like a parallel plate capacitor. We can think of two metal plates of thickness 30 µm and width 0.9 mm are placed with a distance d between them. As we increase the split width, the capacitance due to splits will decrease, which in turn will decrease the total capacitance of the system. Previously developed analytical models of SRRs [25, 26] predict the same behaviour: decreasing the capacitance of the system will increase the resonance frequency. Therefore, experimental results and simulations provied in this section agree well with the analytical models in the literature [25, 26] .
Effect of gap distance
In this section, we studied the effect of gap between inner and outer rings on ω m of SRR structures. The other parameters are kept constant (d = 0.2 mm, w = 0.9 mm and r = 3.6 mm), and only the gap distance (t) is varied from 0.2 to 0.6 with 0.05 mm steps. Since we fixed the radius of the outer ring, increasing the gap distance will also decrease the size of the inner ring. SRR structures are provided in figure 7 . Results of experiments (black) and simulations (red) show that increasing the distance between the inner and outer rings, results in an increase of the magnetic resonance frequency of SRR structure. Changing the distance between the inner and outer rings will change the mutual capacitance and mutual inductance between the rings. An analytical model by Sauivac et al [25] proposes that increasing the gap distance, decreases both mutual capacitance and mutual inductance of the equivalent L-C circuit of SRR system. By following the formulation of the model given in [25] , ω m is found to increase with increasing gap distances, that agrees with the results of experiments and simulations (figure 7).
Effect of metal width
In this section, we changed the metal width of both inner and outer rings. The other parameters are kept constant (d = t = 0.2 mm and r = 3.6 mm). Keep in mind that by fixing the radius of the outer ring, the size of the inner ring is larger for narrower ring configurations. that ω m increases with increasing metal width. Metal width affects all capacitances and inductances due to the analytical model of Sauivac et al [25] . Increasing the metal width will decrease the mutual inductance and mutual capacitance. Therefore, SRRs made of thinner rings will have smaller resonant frequencies. This result agrees with both experiment and simulations reported in this section.
Effect of additional capacitance
Up to this point, we only investigated the effect of geometrical parameters of individual SRRs. In this section, we changed the capacitance of the system by integrating additional capacitors to SRR structures. Surface-mount capacitors varying from 0.1 to 1.0 pF are mounted on the outer ring of SRRs in parallel. Figure 9 gives the measured and simulated transmission spectra of five different SRRs with different additional surface-mount capacitors. Without any additional capacitor, ω m of the SRR structure was measured to be 3.63 GHz ( figure 3(b) ). Magnetic resonance frequency significantly shifts to 2.87 GHz when a capacitor of C = 0.1 pF is mounted on the outer ring ( figure 9(a) ). The magnetic frequency can be tuned to as low as 1.63 GHz by using a C = 0.8 pF capacitor. As seen in figure 9 , experimental and theoretical results agree quite well with each other.
It was discussed in section 3.1 that when the capacitance of an SRR system increases, ω m decreases. By mounting additional capacitors to the system, the total capacitance was significantly increased. Experimental and numerical simulation results (figure 10) verify the theory and analytical models. The agreement between measurements and simulations is quite good.
By using surface mount varactors, it is possible to tune the capacitance on the splits by changing the applied voltage to the varactor. Therefore, tuning by varactor will give rise to higher capacitances which in turn will reduce the magnetic resonance frequency further. It becomes possible to obtain smaller resonance frequencies without using larger structures. 
Different resonator structures
In this section, we studied different resonator structures, such as single rings and SRRs with more splits ( figure 11 ). There is a need for new resoantor designs for the following reasons: first of all, a conventional SRR structure is not easy to fabricate for operation at higher frequencies. As the structure is scaled down, the dimensions of the narrow split and gap regions will be very small, which may eventually lead to contact problems between the metallic regions. Conventional SRR structures have been fabricated for operation at a few THz [28] but for the resonator structure working at 100 THz [29] a single ring with a single split is chosen for its ease of fabrication. The second reason is that SRR structures are electrically resonant for different polarizations and propagation directions [17] . This effect will suppress the LH behaviour for 3D constructed LHMs, where EM waves will be incident on the structure from all directions. Therefore, additional splits should be added to destroy the electrical coupling effect to the magnetic resonance.
Single ring resonator with splits
Besides the conventional SRR design [3] , where two concentric rings with splits oriented at opposite sides are employed, it is also possible to obtain magnetic resonance for single ring with a split [26, 29] . In this section, we investigated the resonance frequencies of single rings with one, two or four cuts (splits), and change of ω m with the split width. The structures studied in this section are one-cut ring ( figure 11(a) ), two-cut ring ( figure 11(b) ) and four-cut ring ( figure 11(c) ) resonators. The radius of all the rings are same with the SRR structure investigated in section 3. The split width is initially taken to be d = 0.2 mm. For two-and four-cut rings, the width of all splits are equal. Measured transmission spectra of these structures are provided in figure  12 (a). As seen from the figure, all structures show resonant behaviour at certain frequencies. Simulation results are provided in figure 12 (b) and experimental results are compared with the simulations. The resonance frequency of one-cut ring is measured to be 4.58 GHz, whereas numerical simulations predict it to be 4.67 GHz. For two-cut and four-cut ring resonators, measured and simulated resonance frequencies are 7.82 and 7.5 GHz; and 12.9 and 13.1 GHz, respectively. We then varied the split width of these single-ring resonators. Figure 13 shows the measured resonance frequencies as a function of split width. In all cases, the magnetic resonance frequency increases with increasing split width, which is an expected result due to the reasons explained in section 3. But the rate of change of ω m for the one-cut ring resonator ( figure 13(a) ), twocut ring resonator ( figure 13(b) ), and four-cut ring resonator ( figure 13(c) ) are different. The rate of increase is larger for structures with more splits. Since the capacitance due to all splits will change, the change in total capacitance will be larger for structures having more splits. Note that the magnetic resonance frequencies increase drastically when additional cuts are introduced into the system. When the second split is placed on the ring ( figure 11(b) ), the capacitances will be connected in series. Therefore, the total capacitance will decrease approximately by a factor of 2. Because of this great amount of decrease in capacitance of individual ring resonators, the change in ω m is very large compared to the changes due to split widths, gap distances and metal widths provided in section 3.
SRRs with two and four splits
In this section, we studied the resonance frequencies of double rings with two and four cuts (splits) in each ring. As a convention, these resonator structures will be called two-cut SRR ( figure 11(d) ) and four-cut SRR ( figure 11(e) ), where the number of cuts present the number of splits in each ring. The radius of outer rings are kept the same with the SRR structure investigated in section 3. The split width is initially taken to be d = 0.2 mm. Measured and simulated transmission spectra of these structures are depicted in figure 14(a) and 14(b) , respectively. The resonance frequency of one-cut SRR were given in the previous section but here, we will repeat it once for comparison. The resonance frequency of the one-cut SRR is found to be 3.63 and 3.60 GHz, via measurements and simulations. For two-cut SRR and four-cut SRR structures, measured and simulated resonance frequencies are 6.86 and 6.45 GHz, and 12.96 and 13.2 GHz, respectively.
We then varied the split width of all splits in both inner and outer rings. Figure 15 shows the measured resonance frequencies as a function of split width. In all cases the magnetic resonance frequency increases with increasing split width. Similar to the behaviour observed in section 4.1, the rate of increase in resonance frequency is larger for structures having more splits. 
Comparison
In this section, we will compare and analyse the results obtained in sections 4.1 and 4.2. Table 1 gives the measured resonant frequencies obtained for six different resonator structures. Columns represent the number of rings in the resonator structures, whereas the rows correspond to the number of cuts in each ring. Increasing the number of splits increases the magnetic resonance frequency drastically, since the amount of decrease in the capacitance of the system is very large. On the other hand, inserting a ring inside the SRR results in a decrease of ω m. For one-cut and two-cut resonator structures, the amount of decrease of ω m is around 1 GHz. But in the case of the four-cut structure, such a behaviour is not observed. The resonant frequency did not change for single-ring and double-ring configurations. The orientation of the splits is important in this case. Unlike the anti-symmetric orientations of splits in the one-cut and two-cut SRRs, the four-cut SRRs have symmetric orientations. Due to the symmetric orientation of the rings, the mutual capacitance between the inner and outer rings is very small. This is due to the fact that the induced charges along both the rings have the same sign and similar magnitude. As a result, addition of a second ring does not affect the overall capacitance of four-cut single-ring resonator. In turn, the resonance frequency did not change appreciably.
